Introduction
============

Pachyman (PHY), a linear β-[d]{.smallcaps}-(1→3)-linked polysaccharide, is composed of ribose, arabinose, xylose, mannose, glucose, and galactose, with corresponding molar contents of 1.49, 1.17, 0.62, 10.34, 86.39, and 1.31 µM, respectively.[@b1-ijn-13-569] PHY, a naturally occurring fungal polysaccharide with a molecular weight ranging from 64.6 to 4,360 kDa,[@b2-ijn-13-569] has been found to have many pharmaceutical applications, owing to its diuretic, complement-activating, immunoactive, and anti-inflammatory properties, and has proved to be a candidate for use in drug delivery systems.[@b3-ijn-13-569]--[@b5-ijn-13-569] Poly([d]{.smallcaps},[l]{.smallcaps}-lactic acid) (PLA) has been widely used in controlled drug delivery as a vaccine carrier,[@b6-ijn-13-569],[@b7-ijn-13-569] owing to its controlled biodegradability, distinct biocompatibility, and non-toxic properties.[@b8-ijn-13-569] Several techniques have been applied for the formulation of PLA-based micro- and nanoparticles[@b9-ijn-13-569]--[@b11-ijn-13-569] for use in sustained drug delivery and as carriers for vaccine antigens (proteins, peptides, and DNA).[@b12-ijn-13-569],[@b13-ijn-13-569]

As the most potent antigen-presenting cells (APCs),[@b14-ijn-13-569] dendritic cells (DCs) can initiate the adaptive immune response and are promising tools for capturing and presenting antigens.[@b15-ijn-13-569],[@b16-ijn-13-569] When DCs are activated by stimuli at the site of inflammation, they capture antigens, transform them into smaller fragments, and then emerge them on the cell surfaces.[@b17-ijn-13-569] DCs can engulf and process antigens, bringing them into the local T cell clusters from distant sites. After transferring to the draining lymph nodes (DLNs) and submitting pieces of antigen to T-lymphocytes with high expression levels of adhesion and co-stimulatory molecules, major histocompatibility complex (MHC) class I and II proteins, and secretion of inflammatory cytokines,[@b18-ijn-13-569] DCs activate T cells, thereby initiating and regulating Th1 and Th2 immune responses.[@b19-ijn-13-569],[@b20-ijn-13-569] The phagocytosis of PLA micro- and nanoparticles by murine bone marrow-derived cells has previously been demonstrated in vitro.[@b21-ijn-13-569] Similarly, there is evidence that particles can accelerate antigen uptake by APCs and promote antigen presentation to T cells, thereby eliciting potent cellular and humoral immune responses.[@b22-ijn-13-569],[@b23-ijn-13-569]

Vaccination is a highly efficient way of preventing viral and other infectious diseases and remains one of the most effective health care measures introduced into medical practice.[@b24-ijn-13-569] Numerous materials have been considered as vaccine adjuvants in the development of modern vaccines,[@b25-ijn-13-569] with important roles in drug delivery systems.[@b26-ijn-13-569] The vaccine adjuvant activities of several kinds of nanomaterials, including carbon nanotubes, gold nanoparticles, and biodegradable polymeric particles, have been investigated and found to be key ingredients for improving and regulating antigen-specific humoral and cellular immune responses.[@b23-ijn-13-569],[@b27-ijn-13-569]--[@b29-ijn-13-569] There was evidence that polylactide-*co*-glycolide (PLGA) nanoparticles were able to transform immune responses stimulated by the Th2-biased antigen into Th1-type immune responses.[@b30-ijn-13-569] It was also proved that nanomaterials regulate antigen delivery and cross-presentation, decrease adjuvant dose, and reduce clinical side effects.[@b31-ijn-13-569]

In our previous research, optimal PHY-encapsulated PLA (PHYP) nanospheres were synthesized, their function of controlling drug release was demonstrated, and the immunological enhancement of splenic lymphocytes by PHYP was investigated in vitro.[@b32-ijn-13-569] It is now hypothesized that encapsulating antigens into PLA nanospheres would augment their persistence in vivo, to reach a sustained-release state, and thereby permit the generation of more potent and prolonged antigen-specific immune responses, which may be attributed to the antigen-presenting effect of DCs. Our present study aims to incorporate PHY and ovalbumin (OVA, a model antigen) into PLA nanospheres, to explore their ingestion and excitation effects on bone marrow DCs (BMDCs) in vitro, and to examine antibody generation, cytokine secretion, T cell proliferation, and DC activation in mice after inoculation in vivo.

Materials and methods
=====================

Preparation of OVA-loaded PHYP (OVA-PHYP) nanospheres
-----------------------------------------------------

OVA-PHYP nanospheres were synthesized using a double emulsion solvent evaporation method, as described in a previous publication.[@b33-ijn-13-569] Briefly, an internal aqueous phase (IAP), including 8 mg PHY (75%, No CY150310; Shanxi Ciyuan Biotechnology Co., Ltd., Xian, People's Republic of China) and OVA (Sigma-Aldrich Co., St Louis, MO, USA) dissolved in 0.4 mL deionized water, was emulsified into the organic phase (OP) (30 mg mL^−1^ PLA in 4 mL acetone solution) (PLA, molecular weight =50 kDa; Shandong Daigang Biotechnology Co., Ltd., Jinan, People's Republic of China) by magnetic stirring for 0.5 h. The obtained primary emulsion (W/O) was added dropwise into the external aqueous phase (EAP) including 0.33% (w/v) of F68 (molecular weight =8,350±1,000; Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, People's Republic of China) in 44 mL deionized water by magnetic stirring to produce the double emulsion. The resulting coarse double emulsion was magnetically stirred for 1.5 h to homogenize the nanospheres for a narrow size distribution. The strong volatile organic solvent (acetone) in the resulting formulation was removed by rotary evaporation under reduced pressure to form a colloidal solution (100 rpm, 55°C, 30 min). The obtained PHYP nanospheres encapsulating OVA were collected by centrifugation at 3,500 rpm for 8 min, and the supernatant was gathered. The formulation was freeze-dried to obtain a free-flowing powder for protein encapsulation efficiency assay and stored at 4°C prior to use. To prepare controlled nanospheres, 0.4 mL of deionized water was used as the internal water phase, without drug, for the in vivo study, and without OVA or drug, for the in vitro study.

Characterization of nanospheres
-------------------------------

The mean size, size distribution, and zeta potential of the freshly prepared OVA-loaded or empty nanosphere formulations were measured by dynamic light scattering (DLS) using an analyzer (Hydro2000Mu, MAL1009117; Malvern Instruments, Malvern, UK). Before determination, freshly manufactured nanospheres were suitably diluted to 1 mL in phosphate-buffered saline (PBS). The data were acquired by taking the average of three measurements.

To quantify the loaded OVA, 1 mL of OVA-PHYP formulation was dissolved in 1 mL of 0.1 M NaOH containing 0.1% sodium dodecyl sulfate (SDS), cultivated for 12 h at room temperature, and determined using a Micro-BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer's protocol.[@b34-ijn-13-569] The standard curve was obtained from OVA dissolved in 0.1 M NaOH with 0.1% SDS, with blank PLA nanospheres as a control.

In vitro study
--------------

### Isolation and stimulation of mouse BMDCs

BMDCs were prepared according to the method documented previously.[@b35-ijn-13-569] Bone marrow cells acquired from the femurs and tibias of BALB/c mice (4--6 weeks old) were wiped off erythrocytes with lysis buffer solution and washed twice in PBS. Approximately 2.0×10^6^ cells/mL were seeded in round-bottomed six-well plates containing Roswell Park Memorial Institute-1640 (Thermo Fisher Scientific, Waltham, MA, USA) medium enriched with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 100 IU/mL penicillin, 100 µg/mL streptomycin, 15 ng/mL recombinant interleukin-4 (rmIL-4), and 15 ng/mL recombinant murine granulocyte-macrophage colony-stimulating factor (GM-CSF; both from Peprotech, Rocky Hill, NJ, USA), 2 mL per well. Cells were cultivated at 37°C in a 5% CO~2~ humidified atmosphere for 7 days to acquire immature DCs. After incubation for 48 h, non-adherent cells in the culture were removed and replaced with an equal amount of fresh medium. The half dose of nutrient medium was changed every other day over the next 6 days.

On day 7, the immature DCs were stimulated with free PHY, empty or loaded PLA, and lipopolysaccharide (LPS; Sigma-Aldrich Co.) for 48 h at 31.25 and 10 µg mL^−1^, respectively. The stimulants were prelabeled with fluorescein isothiocyanate (FITC)-OVA (BD Biosciences, San Jose, CA, USA) at 4°C overnight in dark conditions, and sterile cover slips were positioned into wells prior to the addition of bone marrow cells for antigen presentation assessment. BMDCs treated with LPS were used as positive controls and as a reference for matured BMDCs, while untreated BMDCs for the immature state were used as the negative control. All experiments were performed in triplicate.

### Maturation of BMDCs

At the end of the stimulation, the maturation status of BMDCs was assessed. In brief, the co-cultured and undisposed BMDCs were gathered, rinsed twice with PBS, and three fold-labeled for half an hour at 4°C, protected from light, with APC-anti-mouse CD11c, FITC-anti-mouse CD80, and PE-anti-mouse CD86 monoclonal antibodies (BD Biosciences) as DC maturation markers. The corresponding isotype control antibodies were used as controls. After thorough rinsing by washing twice with PBS, expression levels of associated surface molecules in labeled BMDCs were determined by flow cytometry in a FACS Calibur cytometer (BD Biosciences). The data were analyzed using FlowJo software (version 7.6).

### Impact on ability of antigen uptake assessment of PHYP on BMDCs

The antigen-presenting abilities of BMDCs excited by PHYP, PHY, and PLA at safe concentrations were evaluated by confocal laser scanning microscopy (CLSM). Briefly, when cultivated with drugs and LPS for 48 h, pulsed and unpulsed BMDCs were washed with nutrient solution and fixed in 0.5 mL 4% paraformaldehyde on cover slips for 10 min at 4°C in the dark. After washing twice with sterile PBS, the cell nuclei were labeled with 50 µL 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) at 37°C for 5 min and again rinsed three times with PBS (pH 7.4). The handled cover slips were transferred to glass slides, which had been predripped with a small amount of 50% glycerin, and were then evaluated using CLSM (LSM 710; Zeiss, Oberkochen, Germany). The images were analysed with ZEN lite 2014 software.

### Cellular uptake studies of PHYP

In order to testify whether PHYP was ingested by BMDCs, at day 9, the cells were collected, centrifuged down, resuspended in 0.5 mL, 0.1 M, pH 7.2 PBS, and fixed overnight in 2.5% glutaraldehyde. The cell pellets, dehydrated through a graded acetone series, were embedded in Epon resin to polymerize at 60°C for 24 h. Ultrathin sections prepared with an ultramicrotome (EM UC6; Leica Microsystems, Wetzlar, Germany) were gathered on copper grids, and then stained in distilled water with 1% uranyl acetate and 1% lead citrate. The ultrathin sections were observed with a transmission electron microscope (TEM, CM 100; Philips Co., Ltd, Amsterdam, the Netherlands).

In vivo study
-------------

### Animals and immunizations

Experiments were performed on 90 BALB/c mice (4--6 weeks old, 45 males/45 females, specific-pathogen-free), which were obtained from the Comparative Medicine Centre of Yangzhou University and housed for 1 week prior to vaccination. All mice were housed in the Nanjing Agricultural University Laboratory Animal Centre and maintained throughout the study in climate-controlled (temperature: 25°C±1°C; relative humidity: 50%±10%) and photoperiod-controlled (12 h light--dark cycles) housing with free access to water and food. Each mouse was treated according to the National Institutes of Health guidelines for the care and use of laboratory animals. All procedures and the use of animals in this experiment were carried out in accordance with the guidelines issued by Nanjing Agricultural University Animal Care and Use Committee, and this committee specifically approved this study. Ninety 4--6-week-old BALB/c mice were randomly divided into six groups with 15 mice in each group, and injected subcutaneously twice at a 2-week interval, with 50 µg OVA in a 200 µL formulation of each vaccine, as follows: OVA-PHYP (50 µg PHY encapsulated), physical mixture of OVA and PHY (OVA-PHY) (50 µg PHY solution physically blended with OVA), OVA-encapsulated PLA (OVA-PLA), OVA-Freund's incomplete adjuvant (FIA) (positive control), free OVA (dissolved in deionized water), and normal saline (negative control). Mice were sacrificed on days 7, 14, 21, 28, and 35 after the second immunization. Popliteal lymph nodes were gathered 24 h after the first vaccination, and splenocytes were harvested at desired time points. Blood samples were collected through the retro-orbital plexus, and sera were separated and stored at −70°C for later analysis.

### Determination of OVA-specific IgG and IgG subclasses

To quantitatively evaluate OVA-specific serum antibodies (OVA-specific IgG and IgG1, IgG2a subtypes), collected serum samples were diluted and determined by enzyme-linked immunosorbent assay (ELISA). In brief, 96-well plates were coated overnight with OVA (2 µg/well) at 4°C. Unbound antigen was removed by washing six times with PBST (0.01 M PBS containing 0.1% Tween 20, pH =7.4), and the plates were blocked by 2% (m/v) bovine serum albumin (BSA) in PBST at 37°C for 90 min. After washing twice with PBST, 100 µL per well of sera dilutions, which were serially diluted in buffer (PBST containing 0.1% \[m/v\] BSA), were added to the plates and incubated at 37°C for 1 h. After the washing steps, the plates were cultivated with 100 µL horseradish peroxidase (HRP)-conjugated anti-mouse IgG, IgG1, or IgG2a antibodies (Beyotime Institute of Biotechnology, Shanghai, People's Republic of China) for 30 min at 37°C. Finally, HRP was quantified by adding tetramethylbenzidine (TMB) substrate solution and incubating for 20 min at room temperature. The enzymatic reaction was stopped with 2 M H~2~SO~4~. The OD~450~ values, which were taken as the results, were measured with a microplate reader. Samples were measured in duplicate.

### Determination of cytokine levels by ELISA

One week after the second immunization, splenocytes were harvested from vaccinated mice and restimulated with OVA (50 µg/mL) for 72 h at 37°C with 5% CO~2~ in a humid atmosphere, and the supernatant was collected. To evaluate the cytokine levels, IL-4, IL-6, IL-2, and interferon (IFN)-γ levels in the collected supernatant (prestored at −70°C) were assayed with cytokine ELISA kits (Multisciences; IL-2, CY220260823; IL-4, CY220460753; IL-6, CY220660753; and IFN-γ, CY228060734) according to the manufacturer's instructions.

### Splenocyte proliferation assay

The splenocyte proliferation assay was performed according to previously described methods[@b36-ijn-13-569] to demonstrate antigen-specific splenocyte activation. Fresh separated splenocytes (2.5×10^6^ cells/mL), which were stimulated with OVA (50 µg mL^−1^), LPS (as B-cell mitogen, 20 µg mL^−1^), or phytohemagglutinin (PHA, as T cell mitogen, 20 µg/mL) (both LPS and PHA were from Sigma-Aldrich Co.), were seeded in triplicate (100 µL/well) per group in 96-well plates and incubated in a humid atmosphere with 5% CO~2~ at 37°C. An aliquot of 30 µL MTT (Sigma-Aldrich Co.) solution (5 mg mL^−1^) was added to each well at 72 h, and the plates were cultured for an additional 4 h. The reaction was stopped by dissolving the formazan crystals in 100 µL per well of dimethyl sulfoxide (DMSO), and the plates were vibrated for 10 min until the crystals were fully dissolved. The absorbance was evaluated at a wavelength of 570 nm with a microliter ELISA reader (Multiskan FC; Thermo Fisher Scientific). The results were presented as the proliferation index (PI), expressed by the following formula: PI = OD (570 nm) for stimulated cultures/OD (570 nm) for non-stimulated cultures.

### PHYP enhances the proliferation of cluster of differentiation (CD)4^+^ and CD8^+^ T cells

Lymphocytes (1×10^6^ cells/mL) were isolated from spleens 7 days after the second immunization, seeded in triplicate (1 mL/well) in 24-well plates, and cultivated with 50 µg mL^−1^ OVA at 37°C in a humid atmosphere for 72 h with 5% CO~2~. To assess the percentages of CD3^+^CD4^+^ and CD3^+^CD8^+^ T cells, the cells were then stained with anti-CD3e-FITC, anti-CD4-APC, and anti-CD8a-PE antibodies (Thermo Fisher Scientific). The stained cells were analyzed using fluorescence-activated cell sorting (FACS).

### Expression of MHC and co-stimulatory molecules on DCs in DLNs

Sciatic and popliteal lymph nodes were cultured from vaccinated mice 24 h post-immunization with various vaccine formulations, as described in the Isolation and stimulation of mouse BMDCs section, and prepared as a single cell suspension. Cells were then washed, blocked, and stained with a mixture of anti-mouse antibodies (PerCP-Cyanine5.5-anti-CD11c, APC-anti-MHC II, FITC-anti-CD80, and PE-anti-CD86; Thermo Fisher Scientific). Expression of MHC II, CD80, and CD86 on CD11c^+^ DCs was determined by a FACS Calibur flow cytometer (BD Biosciences), and data were analyzed using FlowJo software (version 7.6).

Statistical analysis
--------------------

All experiments were performed in triplicate, and data are expressed as mean ± standard error of the mean (SEM). Statistical differences between groups were determined by one-way analysis of variance (ANOVA) followed by Duncan's multiple range test with IBM SPSS Statistics 20.0 for analysis. Differences regarded as statistically significant between the groups are presented as follows: \**p*\<0.05, \*\**p*\<0.01, and \*\*\**p*\<0.001 (compared with the PHY group); and ^\#^*p*\<0.05, ^\#\#^*p*\<0.01, and ^\#\#\#^*p*\<0.001 (compared with the PLA group).

Results
=======

Characterization of nanospheres
-------------------------------

In order to manufacture different nanosphere-adjuvanted vaccine formulations, PLA nanospheres were prepared by a double emulsion solvent evaporation method as described previously. As indicated in [Figure 1](#f1-ijn-13-569){ref-type="fig"}, the particle size of the formulation encapsulated by both OVA and PHY was 250.8±1.368 nm, similar to that of formulations encapsulated by PHY only (246.9±0.351 nm). Based on the low polydispersity values, it was deduced that all these nanospheres followed a narrow size distribution. All the formulations were coated with negative charge, which became a little higher when OVA was present. The OVA contents of OVA-PHYP and OVA-PLA were 56.50±6.124 µg/mg and 74.00±2.887 µg/mg, respectively (data not shown).

Maturation of BMDCs induced by PHYP nanospheres
-----------------------------------------------

To assess the influence of free PHY, empty or loaded PLA, and LPS stimulation on the immune phenotypes of BMDCs, the expression of the cell surface markers CD11c, CD86, and CD80 were evaluated by immunofluorescence and flow cytometry 48 h post-stimulation. The DC population was selected; the percentages of CD11c^+^CD86^+^ cells and CD11c^+^CD80^+^ cells in different experimental groups are displayed in [Figure 2](#f2-ijn-13-569){ref-type="fig"}. As shown in [Figure 2C and D](#f2-ijn-13-569){ref-type="fig"}, when PHYP was added, the expressions of these two co-stimulatory molecules presented were upregulated, and they showed a significantly higher percentage of cells expressing certain markers in comparison with PHY, blank PLA, and the control group, which indicated direct maturation signals. The effect of LPS represented the absolutely highest percentage in stimulating both CD86 and CD80 surface markers. In contrast, PHY or blank nanospheres alone induced little effect on cell surface molecule expression.

Impact of PHYP on antigen uptake by BMDCs
-----------------------------------------

To investigate the role of PHYP nanospheres in mediating the ingestion of the OVA antigen by BMDCs, FITC-labeled OVA was pre-disposed with the drug, or with empty or loaded PLA nanospheres, overnight and analyzed by CLSM. A representative cell was selected randomly and a series of optical sections in dual filter mode were taken to obtain the required images. As illustrated in [Figure 3A--C](#f3-ijn-13-569){ref-type="fig"}, antigens were observed by phagocytosed or absorbed by the BMDCs. The antigen cultured with PHY induced slight antigen ingestion by the BMDCs, while FITC-OVA cultivated with PHYP caused substantial antigen uptake. In comparison with cells without any treatment, BMDCs excited with PHYP formulation manifested a distinct antigen uptake (see regional images in [Figure 3D and E](#f3-ijn-13-569){ref-type="fig"}).

Uptake of PHYP by BMDCs
-----------------------

To determine whether PHYP nanospheres were taken up by BMDCs, PHYP nanospheres at a safe concentration were incubated for a couple of days with BMDCs; these were then disposed through a series of procedures to obtain ultrathin sections, which were observed using TEM. It was distinctly demonstrated that a large density of PHYP nanospheres were accumulated in endosomal compartments ([Figure 4](#f4-ijn-13-569){ref-type="fig"}), which were observed partially by membrane degradation without disrupting the nanosphere structures. These data show the strong potential of immature BMDCs to engulf nanospheres as antigens to reach maturation. The nanospheres not only motivated immature BMDCs but also were ingested by the cells previously cultivated with BMDCs.

Systemic antibody responses in vaccinated mice
----------------------------------------------

In order to evaluate the influence of various nanosphere formulations on OVA-specific IgG antibody responses, serum was collected at various time points from mice subcutaneously immunized with OVA-PHYP, OVA-PHY, OVA-PLA, OVA-FIA, soluble OVA, and normal saline. Serum IgG, IgG1, and IgG2a levels were evaluated by ELISA, 7, 14, 21, 28, and 35 days after the boost immunization. As shown in [Figure 5A](#f5-ijn-13-569){ref-type="fig"}, OVA-PHYP nanospheres induced significantly higher OVA-specific IgG antibody responses in comparison with other control groups on days 14, 21, 28, and 35, but not on day 7. As the positive control group, OVA-FIA generated more potent IgG responses than other formulations except for OVA-PHYP after immunization, while the negative control group presented the lowest OD~450~ value (below 0.2 for all measurements; data not shown).

It was proved that the levels of IgG2a and IgG1 determined the types of T helper (Th) cell immune responses, and high levels of IgG2a are indicative of a Th1-biased immune response.[@b37-ijn-13-569] In comparison with other formulations, OVA-PHYP generated a significantly higher ratio of IgG2a/ IgG1 than OVA-PHY (*p*\<0.001) and OVA-PLA (*p*\<0.01) ([Figure 5B](#f5-ijn-13-569){ref-type="fig"}), that both displayed no differences when compared to OVA and control groups.

Overall, PHY encapsulated in PLA nanospheres elicited long and lasting immune responses compared with PHY and empty PLA alone. Furthermore, OVA-PHYP presented a Th-1-biased immune response according to the ratio of IgG2a/IgG1, which was significantly larger than blank controls (OVA-PHY and OVA-PLA) and soluble antigen alone.

Determination of cytokine levels by ELISA
-----------------------------------------

As PHY-encapsulated PLA nanosphere formulations generated a Th1-biased antibody response in serum collected from mice in comparison with other formulations, we next explored whether these vaccines also transformed the cytokine profiles to Th1 bias. Splenocytes were restimulated by OVA (50 µg mL^−1^) obtained from vaccinated mice, and Th1 (IFN-γ and IL-2) and Th2 (IL-4 and IL-6) cytokines in the supernatant were collected on day 7 after the second immunization and analyzed by ELISA. According to [Figure 6A and B](#f6-ijn-13-569){ref-type="fig"}, OVA-PHYP generated considerably higher Th1 (IFN-γ and IL-2) cytokine levels than blank controls (IFN-γ level vs OVA-PHY, *p*\<0.001; IFN-γ level vs OVA-PLA, *p*\<0.01; IL-2 level vs OVA-PHY, *p*\<0.01; IL-2 level vs OVA-PLA, *p*\<0.01), which induced higher levels than OVA and control groups in IFN-γ instead of IL-2. Interestingly, the Th2 (IL-4 and IL-6) cytokine levels generated by OVA-PHYP were both significantly greater than those for OVA-PHY (for IL-4 level, *p*\<0.001; for IL-6 level, *p*\<0.01) and OVA-PLA (for IL-4 level, *p*\<0.001; for IL-6 level, *p*\<0.001); the same results were obtained with Th1 cytokine levels. On the whole, OVA-PHYP could induce higher secretion of both Th1 and Th2 cytokines compared with other formulations, indicating stronger immune responses.

Lymphocyte proliferation assay
------------------------------

As shown in [Figure 7A](#f7-ijn-13-569){ref-type="fig"}, upon restimulation by OVA, OVA-PHYP induced significantly higher proliferation effects on days 14 and 35 compared with blank controls (both vs OVA-PHY, *p*\<0.01; and vs OVA-PLA, *p*\<0.01). There was no obvious difference between blank controls and OVA-FIA, which was considered a positive control. When synergistically stimulated with PHA or LPS, splenocytes of the OVA-PHYP group proliferated more efficiently than other formulations, even in the initial period of vaccination, and no differences were found between the effects of the two stimuli ([Figure 7B and C](#f7-ijn-13-569){ref-type="fig"}).

It was concluded that OVA-PHYP formulation elicited more potent immune responses than other groups. Meanwhile, the positive control group, OVA-FIA, could not elicit sustainable and stable immune responses, especially in the later immune period.

PHYP enhances the proliferations of CD4^+^ and CD8^+^ T cells
-------------------------------------------------------------

As the activation of antigen-specific CD4^+^ T cells and CD8^+^ cytotoxic T-lymphocytes (CTLs) is indicative of a cell-mediated immune response, the percentages of CD4^+^ and CD8^+^ T cells in the spleens of vaccinated mice given different vaccinations were evaluated. As can be clearly seen in [Figure 8A](#f8-ijn-13-569){ref-type="fig"}, OVA-PHYP induced a higher percentage of CD3^+^CD4^+^ T cells compared with OVA-PHY or OVA-PLA (*p*\<0.01). Equally, a significantly increased percentage of CD3^+^CD8^+^ T cells was found in mice vaccinated with OVA-PHYP in comparison with control groups (*p*\<0.05). Furthermore, the positive control, OVA-FIA, presented lower T cell percentages than OVA-PHYP, which corresponded to the results of the splenocyte proliferation evaluation. These results indicated that mice stimulated with OVA-PHYP vaccination formulation instead of OVA-PHY, OVA-PLA alone, or other controlled formulations had stronger cellular immune responses.

Expression of MHC and the co-stimulatory molecules on DCs in DLNs
-----------------------------------------------------------------

As it was observed that OVA-PHYP nanospheres induced the strongest immune response in comparison with other control groups, we next wondered whether they influenced vaccine potency by means of activating DCs in the DLNs. To test this hypothesis, the expressions of MHC II and co-stimulatory molecules (CD86 and CD80) on DCs in DLNs were evaluated 24 h after the first immunization by flow cytometry. As shown in [Figure 8B](#f8-ijn-13-569){ref-type="fig"}, the percentage of CD11c^+^CD86^+^ cells was significantly higher for the OVA-PHYP formulation compared with the OVA-PHY and OVA-PLA formulations (*p*\<0.05). With respect to CD80 expression, OVA-PHYP generated higher levels (vs OVA-PHY, *p*\<0.01; vs OVA-PLA, *p*\<0.01). Additionally, DCs elicited significantly higher levels of MHC II expression 24 h after the first vaccination with the OVA-PHYP (vs OVA-PHY, *p*\<0.01; vs OVA-PLA, *p*\<0.01) nanosphere formulation. Overall, the OVA-PHYP vaccine formulation could elicit valid expression of MHC II and co-stimulatory molecules on DCs in the DLNs, in contrast to a physical mixture or empty nanosphere formulations.

Discussion
==========

Controlled delivery systems, composed of biodegradable micro- and/or nanospheres, can serve as promising adjuvant-- vaccine carriers, owing to their ability to deliver antigens to the intended locations at predetermined rates and durations to generate optimal immune responses.[@b38-ijn-13-569] Among these particulate compounds, PLA-based nanospheres have been proved to be easily taken up by APCs (such as DCs) and to modulate immunity to elicit immune responses in vivo. They are able to induce both humoral and cellular responses, in terms of presenting antigens to both MHC class I and class II pathways. Not only their chemical nature and inner backbone structures but also a variety of physical properties including surface charge, particle size, and antigen load enable these polymeric particles to elicit immune responses and affect differential uptake by DCs, which also had an impact on the type of immune response.[@b39-ijn-13-569] In the current study, PHYP nanospheres (encapsulating OVA as a model antigen for in vivo study) were formulated to explore their effects on the expression of surface markers, enhancement of antigen presentation, and ingestion of PHYP by BMDCs in vitro. Antigen-specific antibody generation, cytokine secretion, T cell proliferation, and DC activation from mice after inoculation were also investigated in vivo.

Using the prepared PHYP and OVA-PLA nanospheres, the physicochemical characteristics that affect the physical stability, structure, and content of the encapsulated drug or protein were determined. These were confirmed by the results of DLS and zeta potential assays, which indicated the narrow size distribution and polarity of zeta potential of all the formulations ([Figure 1A and B](#f1-ijn-13-569){ref-type="fig"}). PHYP and OVA-PHYP, with particle sizes of 246.9±0.351 nm and 250.8±1.368 nm, respectively, were beneficial for the passive targeting of APCs, owing to their elevated permeability and retention effects. Furthermore, the zeta potentials, of around −20 mV, were high enough for nanospheres to repel each other, thus averting particle aggregation and allowing long-term stability.

According to previous research, the interaction between the T cell receptor (TCR) and a specific antigen enables T cell activation; such antigens including peptides can be processed by APCs. CD11c, a key marker for DCs involved in antigen capture and presentation directly to T-cells, can confer adaptive immunity.[@b40-ijn-13-569] It was suggested that the interaction between T cells and APCs may result in T cell allergies, owing to the absence of co-stimulatory molecules on the APCs. In this study, our results showed that BMDCs stimulated by PLA nanospheres incorporating PHY in their core induced significantly elevated expression of CD86 and CD80 membrane molecules in comparison with the empty nanospheres or the drug alone ([Figure 2](#f2-ijn-13-569){ref-type="fig"}), which was evidently associated with the maturation of BMDCs. The high levels of co-stimulatory molecules (CD86 and CD80) observed suggested the possible involvement of these molecules in antigen uptake and presentation for the generation of specific immune responses. As the bridge between innate and adaptive T cell-dependent immunity,[@b41-ijn-13-569] DC maturation was affected by the existence of co-cultured particulates, which enhanced antigen uptake. Electron microscopy images revealed that PHYP nanospheres were internalized by BMDCs ([Figure 4](#f4-ijn-13-569){ref-type="fig"}), where they were surrounded by an endosomal membrane. Consequently, as illustrated by [Figure 3](#f3-ijn-13-569){ref-type="fig"}, blank PLA nanospheres or PHY alone did not generate distinct antigen uptake, while a cluster of model antigens was observed inside or absorbed on the cells treated with PHYP, by means of particle engulfment. Consequently, it was determined that activated DCs augment antigen processing and presentation to CD4^+^ and CD8^+^ T cells with the help of co-stimulatory molecules.

Vaccinations delivered by microparticles have been highly successful for preventing many infectious diseases. As mentioned before, polymeric micro/nanoparticles with core-embedded antigens represent a promising method for in vivo delivery of subunit vaccines, as they offer a viable alternative to current delivery systems containing viral vectors.[@b42-ijn-13-569] Indeed, these particles, including PLA and PLGA, can function not only as a delivery system but also as an adju-vant.[@b43-ijn-13-569] As they can simultaneously enhance both humoral and cellular immune responses, the various adjuvant formulations were first formulated, encapsulating or simply blended with OVA, and evaluated regarding their potential to generate the antibody-specific response for humoral responses following primary and boost immunization in mice through the subcutaneous administration route. OVA-specific IgG antibody levels, detected from serum at 4 consecutive weeks after boost immunization, were observed to be distinctly potent compared with all the other formulations at days 7, 14, 21, 28, and 35 ([Figure 5A](#f5-ijn-13-569){ref-type="fig"}). The levels of IgG2a and IgG1 of each formulation were also assessed to investigate the types of Th cell immune responses. Generally, Th1 cells secrete IgG2a antibody, and Th2 cells secrete IgG1 antibody, and the ratio of IgG2a/IgG1 directs a Th1-biased immune response.[@b44-ijn-13-569] In our study, OVA-PHYP elicited the highest IgG2a/IgG1 ratio, as illustrated in [Figure 5B](#f5-ijn-13-569){ref-type="fig"}, which indicated an intensive bias toward Th1 compared with the empty PLA nanospheres or drug alone. Furthermore, the cellular immune responses by splenocytes and DCs from mice being inoculated were also investigated. The potential for nanospheres to induce a (pro-) inflammatory cellular response was investigated by assessing cytokine secretion. Th1 cytokines in mice, for instance, IL-2 and IFN-γ, not only evoke proliferation of activated B cells and stimulate CTL responses through surface receptors but also directly cause IgG2a secretion. On the other hand, IL-4 and IL-6 are considered to be primarily Th2 cytokines; IL-4 can promote B cell proliferation/viability, IL-6 enables activation of T and B lymphocytes and development of APCs,[@b45-ijn-13-569],[@b46-ijn-13-569] and both predominantly regulate IgG1 production. As shown in [Figure 6](#f6-ijn-13-569){ref-type="fig"}, both Th1 (IFN-γ and IL-2) and Th2 (IL-4 and IL-6) cytokines exhibited higher secretion in comparison with other control formulations, which, in combination with the results from IgG2a/IgG1 ratio, led to the conclusion that PLA nanospheres encapsulating both PHY and OVA induced a mixed Th1/Th2 immune response with a greater bias toward Th1 compared with the PLA nanospheres or PHY alone. The proliferation of T and B lymphocytes is a direct indicator of cellular immunity, which can be used to indirectly explore the immune states of the organism. Splenocyte proliferation was explored by MTT assessment, and the splenocyte PI of OVA-PHYP was found to be highest on days 7, 14, and 35 for all formulations synergistically stimulated with PHA or LPS ([Figure 7](#f7-ijn-13-569){ref-type="fig"}). These results demonstrated that OVA-PHYP enabled splenocyte proliferation via antigen specificity. As key indicators of cellular immune response, CD4^+^ T cells regulate immune responses by secreting cytokines necessary for fighting infections and by providing help to other immune cells through cell-to-cell interactions.[@b47-ijn-13-569],[@b48-ijn-13-569] In addition, CD8^+^ T cells perform a cytotoxic function via the quality of antigen presentation.[@b49-ijn-13-569] To evaluate whether the OVA-PHYP was able to elicit the activation of antigen-specific CD3^+^ CD4^+^ T cells and CD3^+^ CD8^+^ T cells, the potential adjuvant effects of the various PLA formulations were compared. As illustrated in [Figure 8A](#f8-ijn-13-569){ref-type="fig"}, the percentages of CD3^+^ CD4^+^ T cells and CD3^+^ CD8^+^ T cells were both greater in mice inoculated with OVA-PHYP than in those inoculated with OVA-PLA or OVA-PHY alone, suggesting the possibility that the T cells may regulate B cell and CTL activity by proliferation after immunization with PHYP. Based on the results for different antigen formulations, it appears that the improved immunogenicity of a particulate is mostly due to its interactions with APCs, along with continuous release of antigen. In addition, various vaccine formulations may influence antigen movement to secondary lymphatic organs, including the lymph nodes or spleen, to regulate adaptive immune responses by effectively activating DCs. Therefore, the effective expressions of MHC-II and co-stimulatory molecules (CD80^+^ and CD86^+^) on DCs in the DLN were further measured 24 h after the first inoculation. Immunization experiments suggested that entrapment of both OVA and PHY in polymeric particles induced distinct DC activation and increased maturation level in comparison with OVA-PLA and OVA-PHY formulations ([Figure 8B](#f8-ijn-13-569){ref-type="fig"}). These results provide direct evidence that using PLA as an adjuvant can stimulate both potent humoral and cellular immune responses against antigens, suggesting that PHYP should be considered as a forceful adjuvant for polymer particle-based vaccines.

Based on the results described earlier, the following model was proposed to describe the underlying mechanism for the actions observed in both the in vitro and in vivo studies. On the one hand, in the in vitro study, BMDCs were co-cultured with PHYP and the model antigen under defined conditions. It could be clearly seen that the cell engulfed both the nanospheres and the antigen ([Figures 3](#f3-ijn-13-569){ref-type="fig"} and [4](#f4-ijn-13-569){ref-type="fig"}), consequently upregulating the expression of the co-stimulatory molecules ([Figure 2](#f2-ijn-13-569){ref-type="fig"}). On the other hand, in the in vivo study, mice were subcutaneously inoculated with OVA-PHYP and control formulations at predetermined times. Upon injection, the adjuvant--vaccine caused the recruitment of DCs, which took up antigen-encapsulated nanospheres and promoted antigen transport into DLNs by upregulating MHC and co-stimulatory molecules (CD86 and CD80) ([Figure 8B](#f8-ijn-13-569){ref-type="fig"}). Since most vaccine adjuvants exert their functions on T cells indirectly via effects on APCs, the activated DCs then initiate and amplify both the cellular and humoral immune responses ([Figures 5](#f5-ijn-13-569){ref-type="fig"}[](#f6-ijn-13-569){ref-type="fig"}[](#f7-ijn-13-569){ref-type="fig"}--[8](#f8-ijn-13-569){ref-type="fig"}). Overall, our results demonstrated that PHYP and/or OVA-PLA nanospheres not only enable the maturation of BMDCs but also elicit a potent immune response, making them promising potential adjuvants.

Conclusion
==========

In conclusion, this study developed PHYP nanospheres as stimuli to evaluate the maturation of BMDCs in vitro and formulated OVA-PHYP nanospheres as a new vaccine adjuvant to enhance humoral and cellular immune responses in vivo. It was found that PHYP could efficiently promote BMDCs to reach maturation and enhance antigen uptake of BMDCs by engulfing the nanospheres. In vivo experiments revealed that mice immunized with OVA-PHYP elicited more potent antigen-specific IgG antibodies, higher cytokine secretion level, more splenocyte proliferation, and enhanced CD4^+^ and CD8^+^ T cell proliferations than blank PLA nanospheres or PHY alone. The enhanced immune responses of OVA-PHYP might be accounted for by the promotion of antigen transfer to DLNs, with successful DC activation in DLNs. The current work demonstrated that PHYP and/or OVA-encapsulated PLA nanospheres promoted the maturation of BMDCs and significantly improved humoral and cellular immune responses, suggesting PHYP to be a good adjuvant candidate for rational vaccine design.

This project was supported by the National Natural Science Foundation of China (grant numbers 31672596 and 31372472), Special Fund for Agro-scientific Research in the Public Interest (grant numbers 201303046 and 201403051), and the Project Funded by the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD). We are grateful to all other staff in the Institute of Traditional Chinese Veterinary Medicine of Nanjing Agricultural University for their assistance in the experiments.

**Disclosure**

The authors report no conflicts of interest in this work.

![Comparison of particle size, PDI (**A**) and zeta potential (**B**) of OVA-loaded nanospheres.\
**Abbreviations:** OVA, ovalbumin; OVA-PHYP, OVA-loaded PHYP; OVA-PLA, OVA-encapsulated PLA; PHY, pachyman; PHYP, PHY-encapsulated PLA; PLA, poly(D,L-lactic acid); PDI, polymer dispersity index.](ijn-13-569Fig1){#f1-ijn-13-569}

![Surface expression of co-stimulatory molecules by BMDCs upon exposure to PHYP, empty PLA nanospheres and free PHY, determined by flow cytometry (Dot plot representation).\
**Notes:** (**A**) Gated CD11c-positive BMDC population analyzed. (**B**) Phenotypes of BMDCs after 48 h of stimulation. (**C** and **D**) Percentage of CD11c^+^CD86^+^ and CD11c^+^CD80^+^ cells upon exposure to PHYP, empty PLA nanospheres, and free PHY; consider LPS as positive control of maturation, and untreated BMDCs as negative controls. Data are expressed as mean ± SEM (n=3). ^\#\#\#^*p*\<0.001 vs PHY, \**p*\<0.05 and \*\*\**p*\<0.001 vs the PLA group.\
**Abbreviations:** BMDCs, bone marrow dendritic cells; CD, cluster of differentiation; LPS, lipopolysaccharide; PHY, pachyman; PHYP, PHY-encapsulated PLA; PLA, poly(D,L-lactic acid); SEM, standard error of the mean.](ijn-13-569Fig2){#f2-ijn-13-569}

![The antigen uptake assessment of FITC-OVA-labeled nanospheres by bone marrow dendritic cells.\
**Notes:** Green: FITC-OVA; blue: cell nucleus stained with DAPI. Second panel is phase image, and fourth panel is merged image of all channels. Images of cells stimulated with PHY (**A**), blank PLA nanospheres (**B**), and PHYP nanospheres (**C**). Scale size: 5 µm. Regional images of cells as control group (**D**) and PHYP nanospheres (**E**). Scale size: 20 µm.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; OVA, ovalbumin; PHY, pachyman; PHYP, PHY-encapsulated PLA; PLA, poly(D,L-lactic acid).](ijn-13-569Fig3){#f3-ijn-13-569}

![Intracellular accumulation of nanospheres in BMDCs treated with PHYP under TEM. Scale bar (**A** and **B**) represents 1 and 2 µm, respectively.\
**Abbreviations:** BMDCs, bone marrow dendritic cells; PHY, pachyman; PHYP, PHY-encapsulated PLA; TEM, transmission electron microscope.](ijn-13-569Fig4){#f4-ijn-13-569}

![OVA-specific IgG antibody responses in BALB/c mice subcutaneously inoculated with various vaccine formulations.\
**Notes:** Ninety mice were randomly divided into six groups with 15 mice in each, were injected subcutaneously twice, at day 0 and day 14, with 50 µg OVA in 200 µL formulation of each vaccine as follows: OVA-PHYP (50 µg PHY encapsulated) and OVA-PHY (50 µg PHY solution physical blended with OVA), OVA-PLA, OVA-FIA, free OVA (OVA dissolved in deionized water), and normal saline. Mice were sacrificed on days 7, 14, 21, 28, and 35, and sera were collected. (**A**) OD (450 nm) values of IgG in the serum at the indicated time points after the second immunization. (**B**) IgG2a/IgG1 ratios in the serum of immunized mice (serum diluted 1:5). Data are expressed as mean ± SEM (n=3). ^\#^*p*\<0.05, and ^\#\#\#^*p*\<0.001 vs OVA-PHY group, while \**p*\<0.05, \*\**p*\<0.01, and \*\*\**p*\<0.001 vs the OVA-PLA group.\
**Abbreviations:** OVA, ovalbumin; OVA-PLA, OVA-encapsulated PLA; OVA-PHY, physical mixture of OVA and PHY; OVA-PHYP, OVA-loaded PHYP; PHY, pachyman; PHYP, PHY-encapsulated PLA; PLA, poly(D,L-lactic acid); SEM, standard error of the mean; IgG, immunoglobulin G.](ijn-13-569Fig5){#f5-ijn-13-569}

![Cytokine secretion levels in splenocytes.\
**Notes:** Splenocytes were restimulated with OVA (50 µg mL^−1^) and harvested 7 days after the second immunization. IFN-γ (**A**), IL-2 (**B**), IL-4 (**C**), and IL-6 (**D**) levels in the supernatant were measured by ELISA. ^\#\#^*p*\<0.01 and ^\#\#\#^*p*\<0.001 vs OVA-PHY group, while \*\**p*\<0.01 and \*\*\**p*\<0.001 vs the OVA-PLA group.\
**Abbreviations:** ELISA, enzyme-linked immunosorbent assay; IFN, interferon; IL, interleukin; OVA, ovalbumin; OVA-PLA, OVA-encapsulated PLA; OVA-PHY, physical mixture of OVA and PHY; OVA-PHYP, OVA-loaded PHYP; PHY, pachyman; PHYP, PHY-encapsulated PLA; PLA, poly(D,L-lactic acid).](ijn-13-569Fig6){#f6-ijn-13-569}

![Results of lymphocyte proliferation assay.\
**Notes:** Fresh separated splenocytes stimulated with OVA, LPS (as B-cell mitogen), or PHA (as T-cell mitogen) were seeded in triplicate (100 µL/well), each group in 96-well plates, and incubated in a humid atmosphere with 5% CO~2~ for 72 h at 37°C. Lymphocyte proliferation assays after stimulation (**A**) and on synergistic stimulation with LPS (**B**) or PHA (**C**) were measured by MTT assay. Data represent mean ± SEM of triplicate experiments. ^\#^*p*\<0.05, ^\#\#^*p*\<0.01 and ^\#\#\#^*p*\<0.001 vs OVA-PHY group, while \**p*\<0.05, \*\**p*\<0.01 and \*\*\**p*\<0.001 vs the OVA-PLA group.\
**Abbreviations:** LPS, lipopolysaccharide; OVA, ovalbumin; OVA-PLA, OVA-encapsulated PLA; PHA, phytohemagglutinin; OVA-PHY, physical mixture of OVA and PHY; OVA-PHYP, OVA-loaded PHYP; PHY, pachyman; PHYP, PHY-encapsulated PLA; PLA, poly(D,L-lactic acid); SEM, standard error of the mean.](ijn-13-569Fig7){#f7-ijn-13-569}

![The activation of CD3^+^CD4^+^ cells and CD3^+^CD8^+^ cells in splenic splenocytes (**A**); expression of MHC II and co-stimulatory molecules on DCs in draining lymph nodes (**B**).\
**Notes:** (**A**) The percentage of CD3^+^CD4^+^ T cells and CD3^+^CD8^+^ T cells in splenic splenocytes cultivated from vaccinated mice and restimulated with OVA (50 µg mL^−1^). Data are expressed as the mean ± SEM. ^\#^*p*\<0.05 and ^\#\#^*p*\<0.01 vs OVA-PHY group, while \**p*\<0.05 and \*\**p*\<0.01 vs the OVA-PLA group. (**B**) Expression of MHC II and co-stimulatory molecules on DCs in draining lymph nodes of mice immunized with different vaccine formulations 24 h after the first vaccination. The percentages of expression of CD11c^+^CD86^+^, CD11c^+^CD80^+^, and CD11c^+^MHC II^+^ of DCs in DLNs were determined by flow cytometry. Data are expressed as mean ± SEM (n=3). ^\#^*p*\<0.05 and ^\#\#^*p*\<0.01 vs OVA-PHY group, while \**p*\<0.05 and \*\**p*\<0.01 vs the OVA-PLA group.\
**Abbreviations:** CD, cluster of differentiation; DCs, dendritic cells; DLN, draining lymph node; FIA, Freund's incomplete adjuvant; OVA, ovalbumin; OVA-PLA, OVA-encapsulated PLA; OVA-PHY, physical mixture of OVA and PHY; OVA-PHYP, OVA-loaded PHYP; PHY, pachyman; PHYP, PHY-encapsulated PLA; PLA, poly(D,L-lactic acid); SEM, standard error of the mean.](ijn-13-569Fig8){#f8-ijn-13-569}
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